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Abstract
An extension of the gauge group SU(2)L⊗U(1)Y of the standard model to the symmetry group
SU(4)L ⊗U(1)X (3-4-1 for short) is presented. The model does not contain exotic electric charges
and anomaly cancellation is achieved with a family of quarks transforming differently from the other
two, thus leading to FCNC. By introducing a discrete Z2 symmetry we obtain a consistent fermion
mass spectrum, and avoid unitarity violation of the CKM mixing matrix arising from the mixing of
ordinary and exotic quarks. The neutral currents coupled to all neutral vector bosons are studied,
and by using CERN LEP and SLAC Linear Collider data at Z-pole and atomic parity violation
data, we bound parameters of the model related to tree-level Z − Z ′ mixing. These parameters
are further constrained by using experimental input from neutral meson mixing in the analysis of
sources of FCNC present in the model. Constraints coming from the contribution of exotic particles
to the one-loop oblique electroweak parameters S, T and U are also briefly discussed. Finally, a
comparison is done of the predictions of different classes of 3-4-1 models without exotic electric
charges.
PACS numbers: 12.10.Dm, 12.15.Ff, 12.60.Cn
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I. INTRODUCTION
One intriguing puzzle completely unanswered in modern particle physics concerns the
number of fermion families in nature. The SU(3)c ⊗ SU(4)L ⊗ U(1)X extension (3-4-1 for
short) of the gauge symmetry SU(3)c⊗SU(2)L⊗U(1)Y of the standard model (SM) provides
an interesting attempt to answer the question of family replication. In fact, this extension
has among its best features that models for the electroweak interaction can be constructed
so that anomaly cancellation is achieved by an interplay between generations (three-family
models), all of them under the condition that the number of families must be divisible by
the number of colors of SU(3)c [1, 2]. This happens only if the fermion sector of the model
contains an equal number of 4-plets and 4∗-plets (taking into account the color degree of
freedom), which in turn implies, for three families, that one quark multiplet must transform
differently from the other two. This fact could give some indication as to why the top quark
is unbalancingly heavy, but, at the same time, plagues the model with undesirable flavor
changing neutral currents (FCNC) effects. On the other hand, the 3-4-1 gauge structure has
been recently considered in order to implement the little Higgs mechanism [3].
It is well known that the enlargement of the symmetry group of the SM usually leads
to fermions in large multiplets having fractionary electric charges different from ±2/3 and
±1/3 for exotic quarks, and integer electric charges different from 0 and ±1 for exotic
leptons, as well as to new gauge bosons with electric charges larger than 1 and/or fractionary
(leptoquarks). A recent analysis of the 3-4-1 gauge theory [4, 5] has shown that, by restricting
the fermion field representations to particles without exotic electric charges and by paying
due attention to anomaly cancellation, only four different three-family models are allowed,
while by relaxing the condition of nonexistence of exotic electric charges, an infinite number
of models can be constructed. In this last case, a particular embedding of the SM gauge
group into SU(3)c ⊗ SU(4)L ⊗ U(1)X depends on the physical motivations of the model to
be constructed and so, several 3-4-1 models which contain exotic electric charges have been
considered in the literature [1, 2, 6].
The most general expression for the electric charge operator in SU(4)L⊗U(1)X is a linear
combination of the four diagonal generators of the gauge group
Q = aT3L +
b√
3
T8L +
c√
6
T15L +XI4, (1)
where a, b and c are free parameters, TiL = λiL/2, with λiL the Gell-Mann matrices for
SU(4)L normalized as Tr(λiλj) = 2δij, and I4 = Dg(1, 1, 1, 1) is the diagonal 4 × 4 unit
matrix. TheX values are fixed by anomaly cancellation of the fermion content in the possible
models and an eventual coefficient for XI4 can be absorbed in the X hypercharge definition.
The free parameters a, b and c fix the gauge boson structure of the electroweak sector, and
also the electroweak charges of the scalar representations which are fully determined by
the symmetry breaking pattern implemented. In particular a = 1 gives the usual isospin
of the electroweak interactions, with b and c remaining as free parameters, producing an
infinite number of possible models. However, the restriction to ordinary electric charges,
in the fermion, scalar and gauge boson sectors, allows only for two different cases for the
simultaneous values of the parameters b and c, namely: b = 1, c = −2 and b = c = 1, which
become a convenient classification scheme for these type of models [4]. Models in the first
class differ from those in the second one not only in their fermion content but also in their
gauge and scalar boson sectors. As mentioned above, four of the models without exotic
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electric charges are three-family models. Two of them are models for which b = 1, c = −2
and have been partially studied in Refs. [7, 8]. The other two models belong to the class for
which b = c = 1. One of them has been studied in Ref. [5], and the other one, the so-called
“Model B” in Ref. [4], has not been yet analyzed in the literature and will be studied in this
paper.
This paper is organized as follows. In the next section we review the general conditions to
construct anomaly-free 3-4-1 models without exotic electric charges. In Sec. III we introduce
Model B by describing their anomaly-free fermion content, introduce the scalar sector needed
to break the symmetry and to produce masses to the fermion fields, and study the gauge
boson sector paying special attention to the neutral currents and their mixing. In Sec. IV we
analyze the fermion mass spectrum. In Sec. V we use electroweak precision measurements at
Z-pole, atomic parity violation (APV) data and experimental results from FCNC, in order
to constrain the mixing angle between two of the neutral currents present in the model and
the mass scale of the corresponding new neutral gauge boson. A general discussion about
constraints coming from one-loop oblique corrections it is also presented. Sec. VI is devoted
to a comparison between the predictions of the two class of 3-4-1 models without exotic
electric charges. In the last section we summarize the model and state our conclusions.
II. REVIEW OF 3-4-1 MODELS
Let us start with a review of the basics on the construction of 3-4-1 models without exotic
electric charges following Ref. [4].
We assume that the electroweak group is SU(4)L⊗U(1)X ⊃ SU(3)L⊗U(1)Z ⊃ SU(2)L⊗
U(1)Y , where the gauge structure SU(3)L⊗U(1)Z refers to the one presented in Ref. [9]. We
also assume that the left handed quarks and left-handed leptons transform either under the
4 or the 4∗ fundamental representations of SU(4)L, and that all the right-handed charged
fermions transform as SU(4)L singlets. As in the SM, SU(3)c is vectorlike.
As stated in the introduction, in SU(4)L ⊗ U(1)X the most general expression for the
electric charge generator is given by Eq. (1). If we assume that the usual isospin SU(2)L of
the SM is such that SU(2)L ⊂ SU(4)L, and we demand for accomodating each family of SM
fermions into different fundamental representations 4 or 4∗ of SU(4)L, then a = 1 and we
have just a two-parameter set of models, all of them characterized by the values of b and c.
So, Eq. (1) allows for an infinite number of models in the context of the 3-4-1 theory, each
one associated to particular values of the parameters b and c, with characteristic signatures
that make them different from each other.
There are a total of 24 gauge bosons in the gauge group under consideration: the 8 gluon
fields associated with SU(3)c, one gauge field B
µ associated with U(1)X , and another 15
gauge bosons associated with SU(4)L which we may write as
1
2
λαA
α
µ =
1√
2


D01µ W
+
µ K
(b+1)/2
µ X
(3+b+2c)/6
µ
W−µ D
0
2µ K
(b−1)/2
1µ V
(−3+b+2c)/6
µ
K−(b+1)/2µ K
−(b−1)/2
1µ D
0
3µ Y
−(b−c)/3
µ
X−(3+b+2c)/6µ V
(3−b−2c)/6
µ Y
(b−c)/3
µ D
0
4µ

 , (2)
where D0µ1 = A
µ
3/
√
2 + Aµ8/
√
6 + Aµ15/
√
12; D0µ2 = −Aµ3/
√
2 + Aµ8/
√
6 + Aµ15/
√
12; D0µ3 =
−2Aµ8/
√
6 + Aµ15/
√
12, and D0µ4 = −3Aµ15/
√
12. The upper indices in the gauge bosons in
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the former expression stand for the electric charge of the corresponding particle, some of
them functions of the b and c parameters as they should be.
Different from the SM where only the abelian U(1)Y factor is anomalous, in the 3-4-
1 theory both, SU(4)L and U(1)X are anomalous. So, special combinations of multiplets
must be used in each particular model in order to cancel the possible anomalies, and ob-
tain renormalizable models. The triangle anomalies we must take care of are: [SU(4)L]
3,
[SU(3)c]
2U(1)X , [SU(4)L]
2U(1)X , [grav]
2U(1)X and [U(1)X ]
3.
A. Models without exotic electric charges
Let us now see how the charge operator in Eq. (1) acts on the representations 4 and 4∗
of SU(4)L:
Q[4] = Dg.
(
1
2
+
b
6
+
c
12
+X,−1
2
+
b
6
+
c
12
+X,−2b
6
+
c
12
+X,−3c
12
+X
)
,
Q[4∗] = Dg.
(
−1
2
− b
6
− c
12
+X,
1
2
− b
6
− c
12
+X,
2b
6
− c
12
+X,
3c
12
+X
)
. (3)
Notice, from Eq. (3), that if we demand for gauge bosons with electric charges 0,±1 only,
there are not more than four different possibilities for the simultaneous values of b and c;
they are: b = c = 1; b = c = −1; b = 1, c = −2, and b = −1, c = 2.
It is clear that, if we accommodate the known left-handed quark and lepton isodoublets
in the two upper components of 4 and 4∗ (or 4∗ and 4), do not allow for electrically charged
antiparticles in the two lower components of the multiplets (antiquarks violate SU(3)c, and
e+, µ+ and τ+ violate lepton number at tree level) and forbid the presence of exotic electric
charges in the possible models, then the electric charge of the third and fourth components
in 4 and 4∗ must be equal either to the charge of the first and/or second component, which
in turn implies that b and c can take only the four sets of values stated above. So, these four
sets of values for b and c are necessary and sufficient conditions in order to exclude exotic
electric charges in the fermion sector too.
A further analysis also shows that models with b = c = −1 are equivalent, via charge
conjugation, to models with b = c = 1. Similarly, models with b = −1, c = 2 are equivalent
to models with b = 1, c = −2. So, with the constraints impossed, we have only two different
sets of models: those for b = c = 1 and those for b = 1, c = −2.
1. Models for b = c = 1
Let us start defining the following complete sets of spin 1/2 Weyl spinors (complete in
the sense that each set contains its own charged antiparticles):
Sq1 = {(u, d,D,D′)L ∼ [3, 4,−
1
12
], ucL ∼ [3∗, 1,−
2
3
],
dcL ∼ [3∗, 1,
1
3
], DcL ∼ [3∗, 1,
1
3
], D′cL ∼ [3∗, 1,
1
3
]}.
Sq2 = {(d, u, U, U ′)L ∼ [3, 4∗,
5
12
], ucL ∼ [3∗, 1,−
2
3
],
4
TABLE I: Anomalies for models with b=c=1
Anomaly Sq1 S
q
2 S
l
3 S
l
4 S
l
5 S
l
6
[U(1)X ]
3 −9/16 −27/16 21/16 −15/16 15/16 −21/16
[SU(4)L]
2U(1)X −1/4 5/4 −3/4 1/4 −1/4 3/4
[SU(4)L]
3 3 −3 1 1 −1 −1
TABLE II: Anomalies for models with b = 1, c = −2
Anomaly S′q1 S
′q
2 S
′l
3 S
′l
4 S
′l
5 S
′l
6
[U(1)X ]
3 −3/2 −3/2 3/2 3/2 -3/2 −3/2
[SU(4)L]
2U(1)X 1/2 1/2 −1/2 −1/2 1/2 1/2
[SU(4)L]
3 3 −3 1 −1 1 −1
dcL ∼ [3∗, 1,
1
3
], U cL ∼ [3∗, 1,−
2
3
], U ′cL ∼ [3∗, 1,−
2
3
]}.
Sl3 = {(ν0e , e−, E−, E ′−)L ∼ [1, 4,−
3
4
], e+L ∼ [1, 1, 1],
E+L ∼ [1, 1, 1], E ′+L ∼ [1, 1, 1]}.
Sl4 = {(E+, N01 , N02 , N03 )L ∼ [1, 4,
1
4
], E−L ∼ [1, 1,−1]}.
Sl5 = {(e−, ν0e , N0, N ′0)L ∼ [1, 4∗,−
1
4
], e+L ∼ [1, 1, 1]}.
Sl6 = {(N0, E+1 , E+2 , E+3 )L ∼ [1, 4∗,
3
4
], E−1L ∼ [1, 1,−1],
E−2L ∼ [1, 1,−1], E−3L ∼ [1, 1,−1]}.
The numbers in parentheses refer to the [SU(3)C , SU(4)L, U(1)X ] quantum numbers respec-
tively.
Taking into account that each set includes charged particles together with their corre-
sponding antiparticles, and since SU(3)c is vectorlike, the anomalies [grav]
2U(1)X , [SU(3)c]
3
and [SU(3)c]
2U(1)X automatically vanish. So, we only have to take care of the remaining
three anomalies whose values are shown in Table I, from which only two different anomaly
free three-famlily models can be constructed:
Model A = 2Sq1 ⊕ Sq2 ⊕ 3Sl5. (This model has been analyzed in Ref. [5]).
Model B = Sq1 ⊕ 2Sq2 ⊕ 3Sl3.
These two fermion structures show that anomaly cancellation between generations forces
one family of quarks to transform different from the other two.
2. Models for b = 1, c = −2
As in the previous case, let us define the following complete sets of spin 1/2 Weyl spinors:
S ′q1 = {(u, d,D, U)L ∼ [3, 4,
1
6
], ucL ∼ [3∗, 1,−
2
3
],
dcL ∼ [3∗, 1,
1
3
], DcL ∼ [3∗, 1,
1
3
], U cL ∼ [3∗, 1,−
2
3
]}.
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S ′q2 = {(d, u, U,D)L ∼ [3, 4∗,
1
6
], ucL ∼ [3∗, 1,−
2
3
],
dcL ∼ [3∗, 1,
1
3
], U cL ∼ [3∗, 1,−
2
3
], DcL ∼ [3∗, 1,
1
3
]}.
S ′l3 = {(ν0e , e−, E−, N0)L ∼ [1, 4,−
1
2
], e+L ∼ [1, 1, 1],
E+L ∼ [1, 1, 1]}.
S ′l4 = {(e−, ν0e , N0, E−)L ∼ [1, 4∗,−
1
2
], e+L ∼ [1, 1, 1],
E+L ∼ [1, 1, 1]}.
S ′l5 = {(E+, N01 , N02 , e+)L ∼ [1, 4,
1
2
], E−L ∼ [1, 1,−1],
e−L ∼ [1, 1,−1]}.
S ′l6 = {(N03 , E+, e+, N04 )L ∼ [1, 4∗,
1
2
], E−L ∼ [1, 1,−1],
e−L ∼ [1, 1,−1]}.
For these sets the anomalies [grav]2U(1)X , [SU(3)c]
3 and [SU(3)c]
2U(1)X vanish. The
other anomalies are shown in Table II from which the following two different anomaly free
three-family structures can be extracted:
Model E = 2S ′q1 ⊕ S ′q2 ⊕ 3S ′l4 . (This model has been studied in Ref. [7]).
Model F = S ′q1 ⊕ 2S ′q2 ⊕ 3S ′l3 . (This model has been studied in Ref. [8])
Again, anomaly cancellation between the families implies one family of quarks transform-
ing different from the other two under the gauge group.
III. MODEL B
Model B belongs to the class for which b = c = 1. In this case the electric charge generator
in Eq. (1) reads: Q = T3L + T8L/
√
3 + T15L/
√
6 +XI4, and the gauge bosons in SU(4)L are
obtained from Eq. (2) as
1
2
λLαA
α
µ =
1√
2


D01µ W
+
µ K
+
µ X
+
µ
W−µ D
0
2µ K
0
µ X
0
µ
K−µ K
′0
µ D
0
3µ Y
0
µ
X−µ X
′0
µ Y
′0
µ D
0
4µ

 ,
where we have renamed Vµ as X
0
µ.
The gauge couplings g4 and gX , associated with the groups SU(4)L and U(1)X , respec-
tively, are defined through the covariant derivative for 4-plets as: iDµ = i∂µ− g4λLαAµα/2−
gXXB
µ.
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A. The spin 1/2 particle representations
For Model B the anomaly-free fermion content is given by Sq1 ⊕ 2Sq2 ⊕ 3Sl3, which is
displayed as
QiL =


di
ui
Ui
U ′i


L
∼ [3, 4∗, 5
12
],
dciL ∼ [3∗, 1,
1
3
], uciL ∼ [3∗, 1,−
2
3
],
U ciL ∼ [3∗, 1,−
2
3
], U
′c
iL ∼ [3∗, 1,−
2
3
],
Q3L =


u3
d3
D3
D′3


L
∼ [3, 4,− 1
12
],
uc3L ∼ [3∗, 1,−
2
3
], dc3L ∼ [3∗, 1,
1
3
],
Dc3L ∼ [3∗, 1,
1
3
], D
′c
3L ∼ [3∗, 1,
1
3
],
LαL =


ν0eα
e−α
E−α
E
′−
α


L
∼ [1, 4,−3
4
],
e+αL ∼ [1, 1, 1], E+αL ∼ [1, 1, 1], E
′+
αL ∼ [1, 1, 1],
where i = 1, 2 and α = 1, 2, 3 are family indexes. Notice that anomaly cancellation among
the families implies a non-universal hypercharge X for the left-handed quark multiplets.
The former expressions for the quark multiplets are written in the weak basis, in which
the distinction between quark families is meaningless. However, when we go to mass eigen-
states, the almost diagonal Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix suggest us
to classify them in families. In this sense we have, in principle, three different assignments of
weak eigenstates into mass eigenstates. We will assign the heaviest family of quarks to the
4-plet. As we will discuss ahead, this choice makes difference when the phenomenological
implications of the model are examined. Notice also that universality for the known leptons
in the three families is present at tree level in the weak basis. As a result, FCNC do not
occur in the lepton sector, up to possible mixing with the exotic fields.
B. Scalars
In order to have at the electroweak scale (vEW = 174 GeV), an effective theory resembling
the two Higgs doublet extension of the SM (THDM) [10], to avoid unnecesary mixing in the
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electroweak gauge boson sector, and to give masses to the fermion fields in the model, we
introduce the following four Higgs scalars, and vacuum expectation values (VEV) aligned
as:
〈φT1 〉 = 〈(φ01, φ+1 , φ′+1 , φ′′+1 )〉 = (v, 0, 0, 0) ∼ [1, 4∗, 3/4],
〈φT2 〉 = 〈(φ−2 , φ02, φ′02 , φ′′02 )〉 = (0, v′, 0, 0) ∼ [1, 4∗,−1/4],
〈φT3 〉 = 〈(φ−3 , φ03, φ′03 , φ′′03 )〉 = (0, 0, V, 0) ∼ [1, 4∗,−1/4],
〈φT4 〉 = 〈(φ−4 , φ04, φ′04 , φ′′04 )〉 = (0, 0, 0, V ′) ∼ [1, 4∗,−1/4],
(4)
where we assume the hierarchy V ∼ V ′ >> v ∼ v′ ≃ 174 GeV.
This set of scalars break the symmetry in three steps
SU(4)L⊗ U(1)X
V ′−→ SU(3)L ⊗ U(1)Z
V−→ SU(2)L ⊗ U(1)Y
v+v′−→ U(1)Q. (5)
From the charge operator we have that the hypercharge of the SM is given by Y/2 =
T8L/
√
3+ T15L/
√
6+X , thus, when the 3-4-1 symmetry is broken to the SM, we obtain the
gauge matching conditions
g4 = g, and
1
g′2
=
1
g2X
+
1
2g2
, (6)
where g and g′ are the gauge coupling constants of the SU(2)L and U(1)Y gauge groups of
the SM, respectively.
C. Gauge boson masses and currents
After the 3-4-1 symmetry is broken to SU(3)c⊗U(1)Q, we obtain that the charged gauge
bosons (charged under the generators of the SU(4)L group) do not mix with each other and
get the following squared masses
M2W± =
g24
2
(v2 + v′2), M2K± =
g24
2
(v2 + V 2),
M2X± =
g24
2
(v2 + V ′2), M2K0(K ′0) =
g24
2
(v′2 + V 2),
M2X0(X′0) =
g24
2
(v′2 + V ′2), M2Y 0(Y ′0) =
g24
2
(V 2 + V ′2).
(7)
Notice that W± does not mix with the other charged bosons. Then, with g4 = g and the
experimental value MW = 80.450± 0.058 GeV [11], we have that
√
v2 + v′2 ≈ 174 GeV.
For the four neutral gauge bosons we get mass terms of the form
8
g24
2
{
V 2
(
gXB
µ
2g4
− 2A
µ
8√
3
+
Aµ15√
6
)2
+V ′2
(
gXB
µ
2g4
− 3A
µ
15√
6
)2
+v′2
(
gXB
µ
2g4
−Aµ3 +
Aµ8√
3
+
Aµ15√
6
)2
+v2
(−3gXBµ
2g4
+ Aµ3 +
Aµ8√
3
+
Aµ15√
6
)2 }
,
associated to a 4×4 mass matrix with a zero eigenvalue corresponding to the photon. Once
the photon field has been identified, we remain with a 3 × 3 mass matrix for three neutral
gauge bosons Zµ, Z
′µ and Z
′′µ. Since we are interested in the low energy phenomenology of
the model, we can choose V = V ′ in order to simplify matters. Also, the mixing between
the three neutral gauge bosons can be further simplified by choosing v′ = v. In this case the
field Z ′′µ = Aµ8/
√
3 −
√
2/3Aµ15 decouples from the other two and acquires a squared mass
(g24/2)V
2. The remaining 2× 2 mass matrix, in the basis (Zµ, Z ′µ), is
g24
C2W

 v2
√
2δv2SW√
2δv2SW
2δ2
S2
W
[v2(S4W + C
4
W ) + V
2C4W ]

 ,
where δ = gX/(2g4), and SW = 2δ/
√
6δ2 + 1 and CW are the sine and cosine of the elec-
troweak mixing angle, respectively.
By diagonalizing this mass matrix we get the two physical neutral gauge bosons
Zµ1 = Z
µ cos θ + Z ′µ sin θ ,
Zµ2 = −Zµ sin θ + Z ′µ cos θ, (8)
where the mixing angle is given by
tan(2θ) =
2
√
2δv2S3W
2δ2[v2(S4W + C
4
W ) + V
2C4W ]− v2S2W
. (9)
The photon field Aµ and the fields Zµ and Z
′
µ are given by
Aµ = SWA
µ
3 + CWY
µ ,
Zµ = CWA
µ
3 − SWY µ ,
Z ′µ =
√
2
3
(1− T 2W/2)1/2
(
Aµ8 +
Aµ15√
2
)
− TW√
2
Bµ,
(10)
where TW = SW/CW , and
Y µ =
TW√
3
(
Aµ8 +
Aµ15√
2
)
+ (1− T 2W/2)1/2Bµ, (11)
is the field to be identified as the Y hypercharge associated with the SM abelian gauge
boson.
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1. Charged currents
The Lagrangian for the charged currents is −LCC = g4(W+µ JµW+ + K+µ JµK+ +X+µ JµX+ +
K0µJ
µ
K0 +X
0
µJ
µ
X0 + Y
0
µ J
µ
Y 0)/
√
2 + h.c., where
JµW+ = u¯3Lγ
µd3L −
2∑
i=1
u¯iLγ
µdiL +
3∑
α=1
ν¯eαLγ
µe−αL,
JµK+ = u¯3Lγ
µD3L −
2∑
i=1
U¯iLγ
µdiL +
3∑
α=1
ν¯eαLγ
µE−αL,
JµX+ = u¯3Lγ
µD′3L −
2∑
i=1
U¯ ′iLγ
µdiL +
3∑
α=1
ν¯eαLγ
µE ′−αL,
JµK0 = d¯3Lγ
µD3L −
2∑
i=1
U¯iLγ
µuiL +
3∑
α=1
e¯−αLγ
µE−αL,
JµX0 = d¯3Lγ
µD′3L −
2∑
i=1
U¯ ′iLγ
µuiL +
3∑
α=1
e¯−αLγ
µE ′−αL,
JµY 0 = D¯3Lγ
µD′3L −
2∑
i=1
U¯ ′iLγ
µUiL +
3∑
α=1
E¯−αLγ
µE ′−αL. (12)
2. Neutral currents
The Lagrangian for neutral currents can be written as −LNC = eAµJµ(EM) +
(g4/CW )Z
µJµ(Z) + (gX/
√
2)Z ′µJµ(Z
′) + (g4/2)Z
′′µJµ(Z
′′), with
Jµ(EM) =
2
3
[u¯3γµu3 +
2∑
i=1
(u¯iγµui + U¯iγµUi
+U¯ ′iγµU
′
i)]
−1
3
(d¯3γµd3 + D¯3γµD3 + D¯′3γµD
′
3
+
2∑
i=1
d¯iγµdi)
−
3∑
α=1
(e¯−αγµe
−
α + E¯
−
α γµE
−
α + E¯
′−
αγµE
′−
α )
=
∑
f
qf f¯γµf, (13)
Jµ(Z) = Jµ,L(Z)− S2WJµ(EM), (14)
Jµ(Z
′) = Jµ,L(Z
′)− TWJµ(EM), (15)
Jµ(Z
′′) = −D¯3LγµD3L + D¯′3LγµD′3L
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TABLE III: The Zµ1 −→ f¯f couplings.
f g(f)1V g(f)1A
u3 (
1
2 −
4S2
W
3 )(cos θ +Υsin θ)
1
2(cos θ +Υsin θ)
d3 (−12 +
2S2
W
3 ) cos θ +
1
2Υ(C
2
W +
S2
W
3 ) sin θ −12(cos θ −ΥC2W sin θ)
D3
2S2
W
3 cos θ − 12Υ(1−
7S2
W
3 ) sin θ −12ΥC2W sin θ
D′3
2S2
W
3 cos θ − 12Υ(1−
7S2
W
3 ) sin θ −12ΥC2W sin θ
d1,2 (−12 +
2S2
W
3 )(cos θ +Υsin θ) −12(cos θ +Υsin θ)
u1,2 (
1
2 −
4S2
W
3 ) cos θ − 12Υ(C2W +
5S2
W
3 ) sin θ
1
2(cos θ −ΥC2W sin θ)
U1,2 −4S
2
W
3 cos θ +
1
2Υ(1− 113 S2W ) sin θ 12ΥC2W sin θ
U ′1,2 −4S
2
W
3 cos θ +
1
2Υ(1− 113 S2W ) sin θ 12ΥC2W sin θ
ν1,2,3
1
2(cos θ +Υsin θ)
1
2(cos θ +Υsin θ)
e−1,2,3 (−12 + 2S2W ) cos θ +Υ(12 + S2W ) sin θ −12(cos θ −ΥC2W sin θ)
E−1,2,3 2S
2
W cos θ +
1
2Υ(−1 + 5S2W ) sin θ −12ΥC2W sin θ
E′−1,2,3 2S
2
W cos θ +
1
2Υ(−1 + 5S2W ) sin θ −12ΥC2W sin θ
TABLE IV: The Zµ2 −→ f¯f couplings.
f g(f)2V g(f)2A
u3 −(12 −
4S2
W
3 )(sin θ −Υcos θ) 12(− sin θ +Υcos θ)
d3 (
1
2 −
2S2
W
3 ) sin θ +
1
2Υ(C
2
W +
S2
W
3 ) cos θ
1
2(sin θ +ΥC2W cos θ)
D3 −2S
2
W
3 sin θ − 12Υ(1−
7S2
W
3 ) cos θ −12ΥC2W cos θ
D′3 −2S
2
W
3 sin θ − 12Υ(1−
7S2
W
3 ) cos θ −12ΥC2W cos θ
d1,2 (
1
2 −
2S2
W
3 )(sin θ −Υcos θ) −12(− sin θ +Υcos θ)
u1,2 −(12 −
4S2
W
3 ) sin θ − 12Υ(C2W +
5S2
W
3 ) cos θ −12(sin θ +ΥC2W cos θ)
U1,2
4S2
W
3 sin θ +
1
2Υ(1− 113 S2W ) cos θ 12ΥC2W cos θ
U ′1,2
4S2
W
3 sin θ +
1
2Υ(1− 113 S2W ) cos θ 12ΥC2W cos θ
ν1,2,3
1
2(− sin θ +Υcos θ) 12(− sin θ +Υcos θ)
e−1,2,3 (
1
2 − 2S2W ) sin θ +Υ(12 + S2W ) cos θ 12(sin θ +ΥC2W cos θ)
E−1,2,3 −2S2W sin θ + 12Υ(−1 + 5S2W ) cos θ −12ΥC2W cos θ
E′−1,2,3 −2S2W sin θ + 12Υ(−1 + 5S2W ) cos θ −12ΥC2W cos θ
+
2∑
i=1
(U¯iLγµUiL − U¯ ′iLγµU ′iL)
−
3∑
α=1
(E¯−αLγµE
−
αL − E¯ ′−αLγµE ′−αL), (16)
where e = gSW = g4SW = gXCW
√
1− T 2W/2 > 0 is the electric charge, qf is the electric
charge of the fermion f in units of e and Jµ(EM) is the electromagnetic current. Notice
that the Z ′′µ current couples only to exotic fields.
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The left-handed currents are
Jµ,L(Z) =
1
2
[u¯3Lγµu3L − d¯3Lγµd3L
−
2∑
i=1
(d¯iLγµdiL − u¯iLγµuiL)
+
3∑
α=1
(ν¯eαLγµνeαL − e¯−αLγµe−αL)]
=
∑
f
T4f f¯LγµfL, (17)
Jµ,L(Z
′) = (2TW )
−1{(1 + T 2W )u¯3Lγµu3L
+(1− T 2W )d¯3Lγµd3L
−D¯3LγµD3L − D¯′3LγµD′3L
−
2∑
i=1
[(1 + T 2W )d¯iLγµdiL
+(1− T 2W )u¯iLγµuiL
−U¯iLγµUiL − U¯ ′iLγµU ′iL]
+
3∑
α=1
[(1 + T 2W )ν¯αLγµναL
+(1− T 2W )e¯−αLγµe−αL
−E¯−αLγµE−αL − E¯ ′−αLγµE ′−αL]}
=
∑
f
T ′4f f¯LγµfL, (18)
where T4f = Dg(1/2,−1/2, 0, 0) is the third component of the weak isospin and T ′4f =
(1/2TW )Dg(1 + T
2
W , 1− T 2W ,−1,−1)= TWλ3/2 + (1/TW )(λ8/
√
3 + λ15/
√
6) is a convenient
4× 4 diagonal matrix, acting both of them on the representation 4 of SU(4)L. The current
Jµ(Z) is clearly recognized as the generalization of the neutral current of the SM. Thus, we
identify Zµ as the neutral gauge boson of the SM, which is consistent with Eqs. (10) and
(11).
From Eq. (18) we can see that the left-handed couplings of Z ′ to the third family of
quarks are different from the ones to the first two families. This induces FCNC at tree level
transmitted by the Z ′ boson.
The couplings between the mass eigenstates Zµ1 , Z
µ
2 and the fermion fields are obtained
from
− LNCZ1,Z2 =
g4
2CW
2∑
i=1
Zµi
∑
f
{f¯γµ[aiL(f)(1− γ5)
+aiR(f)(1 + γ5)]f}
=
g4
2CW
2∑
i=1
Zµi
∑
f
{f¯γµ[g(f)iV − g(f)iAγ5]f},
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where
a1L(f) = cos θ(T4f − qfS2W )
+
gX sin θCW
g4
√
2
(T ′4f − qfTW ) ,
a1R(f) = −qfSW
(
cos θSW +
gX sin θ
g4
√
2
)
,
a2L(f) = − sin θ(T4f − qfS2W )
+
gX cos θCW
g4
√
2
(T ′4f − qfTW ) ,
a2R(f) = qfSW
(
sin θSW − gX cos θ
g4
√
2
)
, (19)
and
g(f)1V = cos θ(T4f − 2S2W qf)
+
gX sin θ
g4
√
2
(T ′4fCW − 2qfSW ) ,
g(f)2V = − sin θ(T4f − 2S2W qf )
+
gX cos θ
g4
√
2
(T ′4fCW − 2qfSW ) ,
g(f)1A = cos θT4f +
gX sin θ
g4
√
2
T ′4fCW ,
g(f)2A = − sin θT4f + gX cos θ
g4
√
2
T ′4fCW . (20)
The values of giV , giA with i = 1, 2 are listed in Tables III and IV, where Υ = 1/
√
2− 3S2W
and C2W = C
2
W − S2W .
Note that in the limit θ → 0 the couplings of Zµ1 to the ordinary leptons and quarks
coincide with the ones in the SM. This allows us to test the new physics beyond the SM
predicted by the model.
IV. FERMION SPECTRUM
In order to avoid mixing between ordinary and exotic fermions and, at the same time, to
generate a consistent mass spectrum, we follow the same strategy than in Ref. [7] (see also
Ref. [2]) and combine the set of Higgs scalars introduced in Sec. II with an anomaly-free
discrete Z2 symmetry [12], with the following assignments of Z2 charge qZ
qZ(QαL, u
c
αL, d
c
αL, LαL, e
c
αL, φ1, φ2) = 0,
qZ(U
c
iL, U
′c
iL, D
c
3L, D
′c
3L, E
c
αL, E
′c
αL, φ3, φ4) = 1, (21)
where α = 1, 2, 3 and i = 1, 2. Notice that ordinary fermions are not affected by this discrete
symmetry.
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The gauge invariance and the Z2 symmetry allow for the following Yukawa lagrangians
for quarks and for charged leptons, respectively:
LQY = QT3LC[φ1
3∑
α=1
hu3αu
c
αL + φ2
3∑
α=1
hd3αd
c
αL
+
4∑
k=3
φk(h
(k)D
33 D
c
3L + h
(k)D′
33 D
′c
3L)]
+
2∑
i=1
QTiLC[φ
∗
1
3∑
α=1
hdiαd
c
αL + φ
∗
2
3∑
α=1
huiαu
c
αL
+
4∑
k=3
φ∗k
2∑
j=1
(h
(k)U
ij U
c
jL + h
(k)U ′
ij U
′c
jL)] + h.c.,
(22)
LlY =
3∑
α=1
3∑
β=1
LTαLC[φ2h
e
αβe
+
βL
+
4∑
k=3
φk(h
(k)E
αβ E
+
βL + h
(k)E′
αβ E
′+
βL)] + h.c.,
(23)
where the h′s are Yukawa couplings and C is the charge conjugate operator.
The Lagrangian LQY produces for up- and down-type quarks, in the basis
(u1, u2, u3, U1, U2, U
′
1, U
′
2) and (d1, d2, d3, D3, D
′
3) respectively, block diagonal mass matrices
of the form
MuU =
(
Mu3×3 0
0 MU4×4
)
and MdD =
(
Md3×3 0
0 MD2×2
)
, (24)
where
Mu =

 h
u
11v
′ hu12v
′ hu13v
′
hu21v
′ hu22v
′ hu23v
′
hu31v h
u
32v h
u
33v

 and MU =


h
(3)U
11 V h
(3)U
12 V h
(3)U ′
11 V h
(3)U ′
12 V
h
(3)U
21 V h
(3)U
22 V h
(3)U ′
21 V h
(3)U ′
22 V
h
(4)U
11 V
′ h
(4)U
12 V
′ h
(4)U ′
11 V
′ h
(4)U ′
12 V
′
h
(4)U
21 V
′ h
(4)U
22 V
′ h
(4)U ′
21 V
′ h
(4)U ′
22 V
′

 ;(25)
Md =

 h
d
11v h
d
12v h
d
13v
hd21v h
d
22v h
d
23v
hd31v
′ hd32v
′ hd33v
′

 and MD =
(
h
(3)D
33 V h
(3)D′
33 V
h
(4)D
33 V
′ h
(4)D′
33 V
′
)
. (26)
For the charged leptons the Lagrangian LlY , in the basis (e1, e2, e3, E1, E2, E3, E ′1, E ′2, E ′3),
also produces a block diagonal mass matrix
MeE =
(
Me3×3 0
0 ME6×6
)
, (27)
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where the submatrices are
Meαβ = h
e
αβv
′, (28)
and
ME =


h
(3)E
11 V h
(3)E
12 V h
(3)E
13 V h
(3)E′
11 V h
(3)E′
12 V h
(3)E′
13 V
h
(3)E
21 V h
(3)E
22 V h
(3)E
23 V h
(3)E′
21 V h
(3)E′
22 V h
(3)E′
23 V
h
(3)E
31 V h
(3)E
32 V h
(3)E
33 V h
(3)E′
31 V h
(3)E′
32 V h
(3)E′
33 V
h
(4)E
11 V
′ h
(4)E
12 V
′ h
(4)E
13 V
′ h
(4)E′
11 V
′ h
(4)E′
12 V
′ h
(4)E′
13 V
′
h
(4)E
21 V
′ h
(4)E
22 V
′ h
(4)E
23 V
′ h
(4)E′
21 V
′ h
(4)E′
22 V
′ h
(4)E′
23 V
′
h
(4)E
31 V
′ h
(4)E
32 V
′ h
(4)E
33 V
′ h
(4)E′
31 V
′ h
(4)E′
32 V
′ h
(4)E′
33 V
′


(29)
The mass matrices in Eqs. (24) and (27) exhibit a simple mass splitting between ordinary
and exotic charged fermions and show that all the charged fermions in the model acquire
masses at the three level. By a judicious tuning of the Yukawa couplings and of the mass
scales v and v′, a consistent mass spectrum in the ordinary charged sector can be obtained.
All the exotic charged fermions acquire masses at the scale V ∼ V ′ ≫ vEW = 174 GeV.
Notice that the tensor product form of the mass matrices MuU and MdD in Eq. (24),
implies that they are diagonalized by unitary matrices which are themselves tensor products
of unitary matrices. So, our discrete Z2 symmetry has the important bonus of avoiding
violation of unitarity of the CKM mixing matrix.
The neutral leptons ν0eα, α = 1, 2, 3, remain massless. However, neutrino masses and
mixing can be implemented in the model by introducing one or more Weyl singlet states
N0L,n ∼ [1, 1, 0], n = 1, 2, ..., without violating our assumptions, neither the anomaly con-
straint relations, because singlets with no X-charges are as good as not being present as far
as anomaly cancellation is concerned.
V. CONSTRAINTS ON THE PARAMETERS OF THE MODEL
A. Constrains on the Zµ − Z ′µ mixing angle θ and the Zµ2 mass
In this section, using measurements at the Z-pole and APV data, we shall set bounds
on the mass of the new neutral gauge boson Zµ2 , and its mixing angle θ with the ordinary
neutral gauge boson. Next, these bounds will be compared with the ones resulting from
FCNC effects present in the model.
1. Bounds from Z-pole observables and APV data
Let us start constrainig the parameter space (θ −MZ2) by using observables measured
at the Z-pole from CERN e+e− collider (LEP), SLAC Linear Collider (SLC), and atomic
parity violation constraints which are given in Table V.
The partial decay width for Zµ1 → f f¯ is given by
Γ(Zµ1 → f f¯) =
NCGFM
3
Z1
6pi
√
2
ρ
{3β − β3
2
[g(f)1V ]
2
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TABLE V: Experimental data and SM values for some observables related to neutral currents.
Experimental results SM
ΓZ(GeV) 2.4952 ± 0.0023 2.4968 ± 0.0011
Γ(had) (GeV) 1.7444 ± 0.0020 1.7434 ± 0.0010
Γ(l+l−) (MeV) 83.984 ± 0.086 83.996 ± 0.021
Re 20.804 ± 0.050 20.756 ± 0.011
Rµ 20.785 ± 0.033 20.756 ± 0.011
Rτ 20.764 ± 0.045 20.801 ± 0.011
Rb 0.21629 ± 0.00066 0.21578 ± 0.00010
Rc 0.1721 ± 0.0030 0.17230 ± 0.00004
QCsW −72.62 ± 0.46 −73.17 ± 0.03
MZ1(GeV) 91.1876 ± 0.0021 91.1874 ± 0.0021
mt(GeV) 172.7 ± 2.9± 0.6 172.7 ± 2.8
+ β3[g(f)1A]
2
}
(1 + δf )REWRQCD,
(30)
where f is an ordinary SM fermion, Zµ1 is the physical gauge boson observed at LEP, NC = 1
for leptons while for quarks NC = 3(1+αs/pi+1.405α
2
s/pi
2−12.77α3s/pi3), where the 3 is due
to color and the factor in parentheses represents the universal part of the QCD corrections
for massless quarks (for fermion mass effects and further QCD corrections which are different
for vector and axial-vector partial widths, see Ref. [13]); REW are the electroweak corrections
which include the leading order QED corrections given by RQED = 1 + 3α/(4pi). RQCD are
further QCD corrections (for a comprehensive review see Ref. [14] and references therein),
and β =
√
1− 4m2f/M2Z1 is a kinematic factor which can be taken equal to 1 for all the
SM fermions except for the bottom quark. The factor δf contains the one loop vertex
contribution which is negligible for all fermion fields except for the bottom quark for which
the contribution coming from the top quark at the one loop vertex radiative correction is
parametrized as δb ≈ 10−2[−m2t/(2M2Z1) + 1/5] [15]. The ρ parameter can be expanded as
ρ = 1+ δρ0 + δρV where the oblique correction δρ0 is given by δρ0 ≈ 3GFm2t/(8pi2
√
2), and
δρV is the tree level contribution due to the (Zµ−Z ′µ) mixing which can be parametrized as
δρV ≈ (M2Z2/M2Z1 − 1) sin2 θ. Finally, g(f)1V and g(f)1A are the coupling constants of the
physical Zµ1 field with ordinary fermions which are listed in Table III.
The ratios of partial widths are defined as Rl ≡ ΓZ(had)/Γ(l+l−) for l = e, µ, τ , and
Rη ≡ Γη/ΓZ(had) for η = b, c. We shall use the experimental values [11]: αs(MZ) = 0.1198,
α(MZ)
−1 = 127.918, and sin2 θW = 0.2312.
As a first result notice from Table III that, due to universality in the lepton sector, our
model predicts Re = Rµ = Rτ , in agreement with the experimental results in Table V.
The effective weak charge in atomic parity violation, QW , can be expressed as
QW = −2 [(2Z +N)c1u + (Z + 2N)c1d] , (31)
where Z is the number of protons and N the number of neutrons in the atomic nucleus,
and c1q = 2g(e)1Ag(q)1V . The theoretical value for QW for the Cesium atom is given by [16]
QW (
133
55 Cs) = −73.17 ± 0.03 + ∆QW , where the contribution of new physics is included in
16
∆QW and can be written as [17]
∆QW =
[(
1 + 4
S4W
1− 2S2W
)
Z −N
]
δρV +∆Q
′
W , (32)
The term ∆Q′W is model dependent. In particular, is mostly a function of the couplings
g(q)2V and g(q)2A (q = u, d) of the first family of quarks to the new neutral gauge boson Z2
[18]. So, the new physics in ∆Q′W depends on which family of quarks transform differently
under the gauge group. Taking the third generation being different and using g(e)iA and
g(q)iV , i = 1, 2 from Tables III and IV, we obtain
∆Q′W = (10.35Z + 10.76N) sin θ + (4.94Z + 4.18N)
M2Z1
M2Z2
. (33)
The discrepancy between the SM and the experimental data for ∆QW is given by [16]
∆QW = Q
exp
W −QSMW = 0.45± 0.48, (34)
which is 1.1 σ away from the SM predictions.
Introducing the expressions for Z-pole observables in Eq. (30), with ∆QW in terms of new
physics in Eq.(32) and using experimental data from LEP, SLC and atomic parity violation
(see Table V), we do a χ2 fit and find the best allowed region in the (θ−MZ2) plane at 95%
confidence level (C.L.). In Fig. 1 we display this region which gives us the constraints
− 0.00017 ≤ θ ≤ 0.0007, 2.02 TeV ≤MZ2 . (35)
This shows that the mass of the new neutral gauge boson is compatible with the bound
obtained in pp¯ collisions at the Fermilab Tevatron [19]. In the limit |θ| → 0, MZ2 peaks at
a finite value larger than 100 TeV which still copes with experimental constraints on the ρ
parameter.
As already mentioned, the bounds in Eq. (35) depend on the fact that it is the third
generation of quarks the one transforming differently under SU(4)L ⊗ U(1)X . We have
checked that a different choice raises the lower bound on MZ2 in Eq. (35) to a value larger
than 3 TeV. So, the third family must be different in order to keep this lower bound as low
as possible.
2. Bounds from FCNC processes
The discrete Z2 symmetry introduced in Sec. III not only produces a simple mass splitting
between ordinary and exotic fermions, but also avoids unitarity violation of the CKM matrix
arising from their mixing. Because the right-handed quarks transform as SU(4)L singlets,
they are generation universal and, consequently, they couple diagonally to the neutral gauge
bosons Z and Z ′. However, there is additional source of FCNC due to the fact that anomaly
cancellation among the families forces us to have one family of left-handed quarks in the weak
basis, transforming differently from the other two. Moreover, since each flavor couples to
more than one Higgs 4-plet, FCNC coming from the scalar sector are also present. Because
this last contribution depends on a large number of arbitrary parameters, is not very useful
in order to constraint the model and we will ignore it.
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Regarding the left-handed interaction of quarks, Eq. (17) shows that the couplings to the
Z boson remain flavor conserving. Then, neglecting the scalar contribution and because of
the Z2 symmetry, the only source of FCNC in the model is in the left-handed interactions
of ordinary quarks with the new neutral gauge boson Z ′. For their study we will follow the
analysis presented in Refs. [20, 21] where bounds coming from neutral meson mixing are
obtained in the context of the so-called “minimal 3-3-1 model”.
Using the expression for the Y hypercharge of the SM: Y/2 = T8L/
√
3 + T15L/
√
6 + X ,
the couplings of Z ′ to left-handed quarks in Eqs. (15) and (18), can be written in a more
convenient fashion for 4-plets as
L(Z ′) = g
2CW
1√
6
√
2− 3S2W
Z ′µJ
µ(Z ′), (36)
with
Jµ(Z ′) =
∑
f
f¯γµ[
√
6S2WY − 4C2WTL]PLf. (37)
where PL is the left-handed projector and TL =
√
2T8L + T15L.
The value of the operator TL is not the same for 4-plets than for 4
∗-plets. Then, the
flavor changing interaction can be written, for ordinary up- and down-type quarks in the
weak basis, as
Jµ(Z ′)FCNC = −4C2W
∑
q′
q¯′γµ[TL(4)− TL(4∗)]PLq′. (38)
Using (36) and (38) we have
L(Z ′)FCNC = − gC
2
W√
2− 3S2W
(sin θZµ1 + cos θZ
µ
2 )
×∑
q′
q¯′γµPLq
′, (39)
where, by using Eq. (8), we have included the mass eigenstates Z1 and Z2.
In order to consider constraints coming from experimental data in the K0− K¯0, B0d− B¯0d ,
B0s − B¯0s and D0 − D¯0 systems, we first notice that the mass matrices Mu and Md in
Eqs. (25) and (26) are diagonalized by biuntary transformations UL,R and VL,R, respectively,
with VCKM = U
†
LVL being the CKM mixing matriz. Then, in terms of mass eigenstates,
Eq. (39) produces the following effective Hamiltonian for the tree-level neutral meson mixing
interactions
H(α,β)eff =
2
√
2GFC
4
W cos
2 θ
2− 3S2W
(V ∗L3αVL3β)
2
×
(
M2Z1
M2Z2
+ tan2 θ
)
[α¯γµPLβ]
2, (40)
where (α, β) must be replaced by (d, s), (d, b), (s, b) and (u, c) for the K0 − K¯0, B0d − B¯0d,
B0s − B¯0s and D0− D¯0 systems, respectively, and VL must be replaced by UL for the neutral
D0− D¯0 system. The family index 3 in VL makes explicit that we have singled out the third
family of quarks as the one transforming differently.
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TABLE VI: Values of the experimental and theoretical quantities used as input parameters for
FCNC processes.
Value Reference
∆mK (GeV) 3.483(6) · 10−15 [11]
mK0 (MeV) 497.65(2) [11]
fK
√
BK (MeV) 143(7) [26]
∆mBd (ps
−1) 0.508(4) [11]
mBd (GeV) 5.2794(5) [11]
fBd
√
BBd (MeV) 214(38) [26]
∆mBs (ps
−1) 17.77(12) [27]
mBs (GeV) 5.370(2) [11]
fBs
√
BBs (MeV) 262(35) [26]
∆mD(ps
−1) 11.7(6.8) · 10−3 [28]
mD0 (GeV) 1.8645(4) [11]
fD
√
BD (MeV) 241(24) [29]
mu(MZ) (MeV) 2.33
+0.42
−0.45
mc(MZ) (MeV) 677
+56
−61
mt(MZ) (GeV) 181± 13
md(MZ) (MeV) 4.69
+0.60
−0.66
ms(MZ) (MeV) 93.4
+11.8
−13.0
mb(MZ) (GeV) 3.00 ± 0.11 [30]
The effective Hamiltonian gives the following contribution to the mass difference ∆mK
∆mK
mK
=
4
√
2GFC
4
W cos
2 θ
3(2− 3S2W )
Re[(V ∗L3dVL3s)
2]
× ηK
(
M2Z1
M2Z2
+ tan2 θ
)
BKf
2
K , (41)
while for the B0d − B¯0d , B0s − B¯0s and D0 − D¯0 systems, we have
∆mB
mB
=
4
√
2GFC
4
W cos
2 θ
3(2− 3S2W )
|V ∗L3αVL3β |2
× ηB
(
M2Z1
M2Z2
+ tan2 θ
)
BBf
2
B, (42)
∆mD
mD
=
4
√
2GFC
4
W cos
2 θ
3(2− 3S2W )
|U∗L3uUL3c|2
× ηD
(
M2Z1
M2Z2
+ tan2 θ
)
BDf
2
D, (43)
where B stands for Bd or Bs. Bm and fm (m = K,Bd, Bs, D) are the bag parameter and
decay constant of the corresponding neutral meson. The η’s are QCD corrections which,
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at leading order, can be taken equal to the ones of the SM [22], that is: ηK ≃ ηD ≃ 0.57,
ηBd = ηBs ≃ 0.55 [23].
Several sources, different from the tree-level Z2 exchange, may contribute to the mass
differences and it is not possible to disentangle the Z2 contribution from other effects. Due
to this, several authors consider reasonable to assume that the Z2 exchange contribution
must not be larger than the experimental values [20]. In this work, instead, we apply
the more conservative criterion of Ref. [22] by using as deviations from the central value:
±50% for ∆mK , and ±40% for ∆mBd and ∆mBs . We then assume that the Z2 exchange
contribution must not be larger than these deviations. In the D system, the SM short
distance contribution to ∆mD is very small compared to the experimental value. Thus, in
this case we only require that the Z2 contribution must not exceed the observed value.
Since the complex numbers VLij and ULij can not be estimated from the present experi-
mental data, and in order to compare with the bounds in Eq. (35), we assume the Fritzsch
ansatz for the quark mass matrices [24], which implies (for i ≤ j) VLij =
√
mi/mj, and sim-
ilary for UL [25] (CP violating phases in the mixing matrices will not be considered here).
To obtain bounds on MZ2 from Eqs. (41), (42) and (43), we use updated experimental and
theoretical values for the input parameters as shown in Table VI, where the quark masses
are given at Z-pole.
In Fig. 1 are also shown the contours delimiting from below the regions in the parameter
space (θ-MZ2) where the Z2 contribution to the mass differences satisfies the conditions
mentioned above. These contours determine lower bounds on the Z2 mass. The results are:
K0 − K¯0 : MZ2 > 3.66 TeV,
B0d − B¯0d : MZ2 > 11.54 TeV,
B0s − B¯0s : MZ2 > 10.75 TeV,
D0 − D¯0 : MZ2 > 0.18 TeV. (44)
This shows that the strongest constraint comes from the B0d − B¯0d system, which raises
the lower bound on MZ2 to a value larger than 11.54 TeV, as compared with the bound in
Eq. (35). This in turn reduces the allowed range of values for θ to: −0.00006 ≤ θ ≤ 0.00016.
It can be easily checked that in order to keep low bounds on MZ2 in Eq. (44), the third
family of quarks must transform differently, that is, must be assigned to the 4-plet. It must
also be stressed that these new bounds depend both on the assumed contribution of the
Z2 exchange to the mass differences and on the particular parametrization of the CKM
matrix adopted. Thus, they can only be considered as a roughly estimate of the size of the
constraints imposed by neutral meson mixing.
B. Oblique corrections
The 3-4-1 extension of the SM presented here predicts new heavy particles: new exotic
up-type quarks Ui, U
′
i (i = 1, 2) and down type quarks D3, D
′
3, new exotic leptons Eα,
E ′α (α = 1, 2, 3), new gauge bosons K
±, K0 (K ′0), X±, X0 (X ′0), Y 0 (Y ′0), Z ′′, and Z ′,
and extra charged and neutral scalars. Provided these new particles feel the electroweak
interaction, they should give corrections to the electroweak precision measurements through
their effects on the W and Z vacuum polarization amplitudes. Such “oblique” corrections
are usually expressed in terms of the S, T and U parameters at the one loop level [31].
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Since current fits to electroweak precision observables show that S and T are small negative
numbers and U is close to zero [11], these parameters can be optimally used to constraint
the new physics model building. So, we should determine whether additional constraints on
the parameter space of the 3-4-1 model arise from examination of the oblique corrections or
not. Eventhough a detailed calculation of S, T and U in the 3-4-1 model is out of the scope
of the present work, several comments are in order.
First, note that in the limit v = v′ and V = V ′, which we have assumed through this work,
the new neutral gauge boson Z ′′ decouples from the low energy physics and, consequently,
does not contribute to the oblique corrections which are only sensitive to SU(2) breaking.
Z ′ does not contribute because enters only at tree level through Z −Z ′ mixing whose effect
on the ρ parameter (which is equivalent to T ) was included in the fit to Z-pole observables
in the previuos section.
Since all the new quarks and leptons are SU(2) singlets they do not contribute to S, T
and U . With regard the remaining new gauge bosons in Eq. (7), we can see that Y 0 (Y ′0)
does not contribute because is also a SU(2) singlet. The SU(2) doublets (K+, K0) and
(X+, X0) (and their conjugates) will contribute as long as there is mass splitting between
the members of each doublet. As it is clear from Eq. (7), in the general case v 6= v′ and
V 6= V ′ the symmetry breaking pattern in Eq. (5) induces this mass splitting, however, in
the particular case v = v′, V = V ′ we are considering, the members of each SU(2) doublet
are degenarate in mass and their contribution to the oblique corrections vanish. Thus, in
the limit v = v′, V = V ′ only new physical Higgs fields will contribute radiatively to S, T
and U and will be important in order to further constraint the parameter space of the 3-4-1
model.
The complete calculation of the scalar contributions to the oblique parameters requires the
diagonalization of the full scalar sector of the theory in order to identify both the Goldstone
bosons and the physical scalar fields. Since the four Higgs 4-plets in Eq. (4) contain a total
of 32 degrees of freedom and in spite of the simplifications introduced by the Z2 discrete
symmetry, the diagonalization of the scalar sector is not a simple task in the context of the
3-4-1 model. Notwithstanding, the following general considerations can be done.
After the symmetry breaking, the original 32 degrees of freedom become 15 Goldstone
bosons (6 electrically charged and 9 neutral) which are swallowed up by the 15 massive gauge
bosons in the model. So, we are left with 17 physical Higgs particles. With the hierarchy
V ∼ V ′ >> v ∼ v′ and ignoring Z − Z ′ mixing, the SU(2) doublets (φ01, φ+1 ) (coming from
φ1) and (φ
−
2 , φ
0
2) (coming from φ2) form a standard THDM with tan β = v/v
′ for which
the oblique corrections have been studied in detail [32]. The THDM contains five physical
Higgs fields H±, H01,2 and A
0 [10]. The remaining 12 scalar particles (four charged and eight
neutral) are, in general, mixtures of SU(2) doublets and singlet scalars with a small mixing
angle α which, in the limit v = v′, V = V ′, is given by tanα = v/V . Contributions of
these heavy scalars to the oblique parameters depend on this mixing and, as a result, they
are suppressed by the square sin2 α ≈ tan2 α ≈ α2 of the small mixing angle. However,
they also depend on the mass splitting between extra Higgs fields and on the mass splitting
between extra scalars and extra gauge bosons different from Z ′′ and Z ′ (see, for example,
the analysis for the 3-3-1 model presented in Ref. [33]). So, we can expect that in the case
v = v′, V = V ′ in which the extra gauge bosons are degenerate, and the limit of small Higgs
mass splitting (which should be ensured by the symmetry breaking hierarchy V ≫ v), the
scalar contributions should be within the room allowed by the current small values of the
S, T and U parameters.
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VI. CONFRONTING 3-4-1 THREE-FAMILY MODELS WITHOUT EXOTIC
ELECTRIC CHARGES
The review of 3-4-1 models presented in Sec. II shows that the restriction to particles
without exotic electric charges picks up two class of anomaly free models characterized,
respectively, by the values b = c = 1 and b = 1, c = −2 for the parameters in the electric
charge generator in Eq. (1). Two important differences between the two class of models can
be recognized which will enable us to perform a comparison of their predictions.
First, in models for which b = c = 1 (as the model analyzed in this paper), anomaly
cancellation between the families implies not only a family of quarks transforming different
from the other two but also a non-universal hypercharge X for the left-handed quark mul-
tiplets. As a consequence, the couplings giV and giA (i = 1, 2) of fermions to the neutral
currents Z1 and Z2, listed in tables III and IV for Model B, are family dependent. Models
for which b = 1, c = −2 instead, have the particular feature that, notwithstanding one
family of quarks transforms differently under the SU(4)L subgroup, the three families have
the same hypercharge X with respect to the U(1)X subgroup. So, the couplings of all the
fermion fields to Z1 and Z2 are family-universal (for details see Ref. [7]).
Second, eventhough in both class of models and in the limit v′ = v, V ′ = V the mixing
between neutral currents can be contrained to occur between Z and Z ′ only, in b = c = 1
models the Z ′′ current couples only to exotic fermions and thus decouples completely from
the low energy physics, and the left-handed couplings of Z ′ to the SM quarks, being flavor
nondiagonal, induce tree level FCNC. By contrast, for models in the b = 1, c = −2 class it is
the Z ′′ current which couples nondiagonally to ordinary quarks thus leading to FCNC, while,
due to the fact that the couplings of the fermion fields to Z1 and Z2 are family-universal,
there are not FCNC transmitted by the Z ′ boson.
These differences affect the predictions of both class of models in two ways. In b = c = 1
models, in which the couplings of fermion fields to Z1 and Z2 are family dependent, the
issue of quark family discrimination must be considered because affects the constraints on
the parameter space θ−MZ2 coming both from the fit to Z-pole observables and from FCNC
processes. The analysis leads to the conclusion stated in the previous section according to
which the third family of quarks must transform differently. Clearly, in b = 1, c = −2
models, where there is not family dependence in the fermion couplings to Z1 and Z2, the
effects of quark family nonuniversality are absent. On the other hand, since in b = c = 1
models there are tree level FCNC mediated by the Z ′ boson, the constraints coming from
FCNC data raise the lower bound on MZ2 obtained from the fit to Z-pole observables. In
b = 1, c = −2 models instead, Z ′ does not transmit FCNC and the lower bound on MZ2
is not affected by the constraints coming from the experimental results on FCNC (which,
in this case, generate a lower bound on the Z ′′ mass). In addition, although both class of
models predict a small Z ′ − Z mixing angle of the order of 10−4, b = 1, c = −2 models
predict a lower bound on the mass of the new neutral gauge boson Z2 smaller than the one
predicted by b = c = 1 models. In fact, in b = c = 1 models this bound is of the order of
2 TeV (see Eq. (35). See also Ref. [5]), while in b = 1, c = −2 models this lower bound is
found to be MZ2 ≥ 890 GeV [34], which is just below the TeV scale.
These considerations allows us to conclude that b = 1, c = −2 models are favoured in the
sense that they have a better chance to be tested in the upcoming generation of accelerators.
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VII. SUMMARY AND CONCLUSIONS
We have presented an anomaly-free extension of the standard model of the electroweak
interaction based on the gauge group SU(4)L⊗U(1)X , which does not contain exotic electric
charges. This last condition fixes the values b = c = 1 or b = 1, c = −2 for the parameters
in the electric charge generator in Eq. (1). Model B in Ref. [4], for which b = c = 1, has
not been previously studied in the literature and it has been considered here. A similar
analysis for a model with b = 1, c = −2 was done in Ref. [7], but the issue of quark family
discrimination and the constraints imposed by FCNC effects were not discussed there.
In the model, anomaly cancellation preserves universality in the lepton sector, but forces
one family of quarks to transform differently from the other two. As a consequence, FCNC
arise.
The breaking of the 3-4-1 symmetry to the SM is achieved with a set of four 4∗-plet of
Higgs scalars, which set two different mass scales: V ∼ V ′ >> √v2 + v′2 = 174 GeV, with
v ∼ v′. The imposed alignment of the vacuum, combined with an anomaly-free discrete Z2
symmetry, produces a simple mass splitting between ordinary and exotic charged fermions,
in such a way that all the ordinary quarks and charged leptons acquire masses at the energy
scale v and, separately, the exotic fermions acquire masses at the high energy scale V . Since
the Z2 symmetry forbids mixing between ordinary and exotic quarks, unitarity violation of
the CKM matrix is absent in the model.
The neutral leptons remain massless after the symmetry breaking. Notwithstanding, this
sector can be easily extended by adding the neutral singlets required to accomodate neutrino
phenomenology.
In the charged gauge boson sector, the alignment of the vacuum also avoids mixing of
the lightest mass eigenstate W±µ in Eq. (7), which we identify with the charged gauge boson
of the SM.
In the neutral gauge boson sector, instead, the three neutral currents Zµ, Z
′
µ and Z
′′
µ
predicted by the model, mix up. The current Z ′′µ, however, decouples from the low energy
physics if we assume v′ = v and V ′ = V . It remains a mixing between Zµ and Z
′
µ which,
by using LEP and SLC data at Z-pole and APV data, is constrained to obey the bounds:
MZ2 ≥ 2.02 TeV and −0.00017 ≤ θ ≤ 0.0007, for the mass of the new neutral gauge boson
and the Z − Z ′ mixing angle, respectively. These bounds have been further constrained
by using experimental data from neutral meson mixing in the analysis of FCNC effects
associated to quark nonuniversality. Assuming the Fritzsch ansatz for the quark mixing
matrix and taking complex phases equal to zero, we have found that the strongest constraint
comes from the B0d − B¯0d system, which reduces the parameter space to: MZ2 > 11.5 TeV
and −0.00006 ≤ θ ≤ 0.00016. The inclusion of CP-violating phases must not substantially
weakening these bounds. It must be however recognized that the bounds from neutral meson
mixing are always obscured by the lack of knowledge of the mixing matrix entries.
Eventhough we have adopted the Fritzsch ansatz, another textures for the quark mixing
matrix can also be used. Although the numerical values in Eq. (44) might be modified, it is
to be expected that the general outcome will be the same: the reduction of the region in the
parameter space allowed by the fit to Z-pole observables. This is not surprising since FCNC
through Z2 exchange occur already at tree level in the model, while electroweak precision
observables are associated to loop level processes.
Another possible analysis, which does not require any specific parametrization of the
CKM matrix, would be to use the bounds in Eq. (35) in order to constraint the size of the
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mixing matrix elements [21]. This type of approach requires a more careful treatment and
it is outside the scope of the present work.
For the study of the model we have picked out the heaviest family of quarks to be the
one transforming differently under the gauge group. In the main text of the paper we have
shown that this must be the case if we want to end with a 3-4-1 scale of the order of a
few TeV and, consequently, with a model able to be tested in the upcoming generation of
accelerators.
We have also discussed the constraints coming from the contribution of the exotic particles
in the model to the one-loop oblique parameters S, T and U . Extra heavy fermions do not
contribute because all of them are SU(2) singlets. In the particular case v′ = v, V ′ = V
(which we have assumed through the paper), the extra gauge bosons masses are equal and
their contribution vanish. So, in this case, the only contribution comes from the extra heavy
scalars. On account of the complexity of the scalar sector in our model (four Higgs 4-plets
with 32 degrees of freedom), a complete calculation of these contributions will be postponed
to a future work.
Finally, a comparison of the predictions from the two classes of 3-4-1 models without
exotic electric charges shows that models for which b = 1, c = −2 are preferred in the sense
that they give a lower bound on the mass of the new neutral gauge boson Z2 smaller than
the one predicted by models with b = c = 1. Moreover, different from b = c = 1 models,
the lower bound M2 ≥ 0.89 TeV obtained in b = 1, c = −2 models is not affected by the
constraints coming from FCNC data and is just below the TeV scale, which means that this
class of models have a better chance to be tested at the forthcoming CERN LHC facility.
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FIG. 1: Contour plot displaying the allowed region for θ vs. MZ2 at 95% C.L. from LEP, SLC and
APV data. The horizontal lines delimit from below the regions of the parameter space allowed by
FCNC constraints.
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